Human papillomavirus (HPV) infection is one of the most common sexually transmitted infections worldwide and is associated with precancerous lesions and cancers of the cervix, vulva, vagina, penis, anus, tonsils and base of the tongue. Several studies show an increased risk of HPV-associated cancers in solid organ transplant recipients (SOTR). The aims of this review are to investigate the evidence of efficacy for the HPV vaccination in transplant recipients and to discuss the known national guidelines. A systematic literature search has been conducted to identify studies where SOTR received the HPV vaccination to evaluate the efficacy of the HPV vaccine on this population. The primary outcome was antibody response against the HPV genotypes included in the vaccines and the secondary outcome was national guidelines recommending HPV vaccination of SOTR. Three cohort studies evaluated immunogenicity. Two studies found suboptimal effect of the HPV vaccine, while an early terminated study detected 100% seropositivity. We have identified four national guidelines in the following countries; United States of America, Canada, Australia and Ireland, along with a recommendation from the World Health Organization (WHO).
Introduction
Human papillomavirus (HPV) infection is one of the most common sexually transmitted infections worldwide. Typically, the virus types are classified into low risk and high risk. Low-risk viruses are related to warts, while high risk viruses are associated with precancerous lesions and cancers of the cervix, vulva, vagina, penis, anus, tonsils and the base of the tongue. The most common HPVrelated cancer is cervical cancer [1] . Each year approximately 528,000 new cases of cervical cancers are diagnosed, causing 266,000 deaths globally. This makes cervical cancer the fourth most common cancer among women worldwide [2] Today, the number of solid organ transplant recipients (SOTRs) and other immunocompromised patients is continuously Abbreviations: HPV, human papilloma virus; SOTR, solid organ transplant recipients.
increasing. Due to medical improvement in screening, diagnostics and treatment options, these patients have a continuously increasing life expectancy, and their quality of life is improved accordingly [3, 4] . However, because SOTRs tend to live longer, they will also be exposed to immunosuppressants for a longer time, making the transplant recipients more susceptible to infections, such as HPV.
Several studies, including a large meta-analysis (n = 31,977) [5] and an extensive registry study (n = 187,649) [6] , show increased risk of HPV-associated cancers (cervical, vaginal, vulvar, penile, anal and oropharyngeal) in SOTRs. Compared to the general population, Grulich et al.'s meta-analysis [5] found higher standardised incidence ratios (SIR) for cancers of the cervix (SIR 2.13), vulva and vagina (SIR 22.76), oral cavity and pharynx (SIR 3.23), penis (SIR 15.79) and anus (SIR 4.85) in SOTRs.
Currently, there are three prophylactic HPV vaccines available: the bivalent (HPV 16 and 18), the quadrivalent (HPV 6, 11, 16 and 18) and the nonavalent (HPV 6, 11, 16, 18, 31, 33, 45, 52 and 58) vaccines [7] . These HPV vaccines have been shown to be highly efficient in healthy individuals, preventing HPV-related lesions [8] [9] [10] [11] . Since 2006, publications [12, 13] have requested trials on the efficacy of the HPV vaccines in immunocompromised patients.
The aims of this review are to investigate the evidence for the efficacy of HPV vaccination in SOTRs and to discuss the known national guidelines.
Material and methods
This systematic review was conducted in accordance to the Preferred Reporting Items for Systematic Reviews and MetaAnalysis (PRISMA) guidelines [14] . Additionally, a PICO (population, intervention, comparison and outcome) strategy was adapted for the literature search. Our population consisted of patients who had undergone solid organ transplantation (kidney, liver, heart and lung), because we considered SOTRs to be good representatives for immune compromised individuals. The intervention was different types of HPV vaccines. Our primary outcomes were initially dysplasia and HPV-associated cancers. The secondary outcome was guidelines recommending HPV vaccination in SOTRs.
We conducted a literature search in the following databases: PubMed, Embase and Cochrane Library. The searching period lasted from the 10th of October 2017 to the 30th of November 2017. The PubMed and Cochrane Library search query is seen in the "Supplementary Table 1 
00
. The same search strategy including equivalent search terms was performed in Embase. The search consisted of two searching blocks and a combination of "MeSH terms"/"Emtree" and "All fields"/ "Key words"/ "All text". Search block 1 contained our population; "Organ transplant" and the specific organs with their synonyms. Search block 2 included our intervention, "Papillomavirus vaccines", with synonyms. The two searching blocks were then combined, and no filters were used. Additional studies were identified using reference lists to find other relevant articles that might have been overlooked in our database search.
Titles and abstracts, as well as full-text articles, were screened by two different reviewers using predefined criteria for inclusion and exclusion. Criteria necessary for inclusion were (1) publications in English or the Scandinavian languages, (2) literature from 2005 to date, (3) studies in humans, (4) SOTRs that had received HPV vaccination, (5) patients of both sexes and (6) no age restrictions. Conference abstracts and publications not available in full-text were excluded. If any discrepancies arose between the two reviewers, it was resolved through consensus.
The literature search yielded a total of 173 studies for further evaluation. After removing 32 duplicates, 141 studies were screened for title and abstract. Of these, 86 studies were excluded and 55 were found relevant for full-text eligibility screening. After full-text article screening, we were not successful in identifying any articles with our primary outcomes. However, we were able to detect three studies [15] [16] [17] and one conference abstract (not accessible data and excluded) [18] investigating HPV antibody response. As this is a theoretical measure of effect for the HPV vaccine, we found it reasonable to change our outcome to immunogenicity. Figure 1 gives an overview of the screening strategy of our studies.
A search in the clinical trials' database also showed that there are some upcoming studies on both the quadrivalent and the nonavalent vaccines [19] .
Guidelines and recommendations were identified through the reference lists of the 173 studies and additional relevant websites. This yielded four different national guidelines [20] [21] [22] [23] [24] and one recommendation [25] . Due to language restrictions, we were only able to address guidelines written in English or the Scandinavian languages.
Results
Out of 173 identified studies, three cohorts fulfilled our eligibility criteria [15] [16] [17] . The studies used a variation of methods for measuring antibody response: competitive Luminex immunoassay (cLIA), immunoglobulin G competitive Luminex immunoassay (IgG cLIA) and immunoglobulin G enzyme-linked immunosorbent assay (IgG ELISA). The three cohort studies [15] [16] [17] all used cLIA, which was, in fact, also used in the licensing study of the HPV vaccine [26] . We used the "Critical Appraisal Skills Programme (CASP)" checklist [27] as a supplement to our analysis of the three studies [15] [16] [17] . Study characteristics are shown in Table 1 , and cLIA results with seropositivity threshold values are presented in Table 2 .
Nelson et al. [17] studied the antibody response to HPV vaccination in patients with chronic kidney disease; dialysis patients and kidney transplant recipients (KTRs). This cohort included 57 young females for analysis; among these, 23 were KTRs ( Table 1 ). The first blood samples were drawn before vaccine dose 1 (baseline), the second blood samples were drawn at 1-12 months after vaccine dose 2, and the third blood samples were drawn at 12-35 months after vaccine dose 3 to measure antibody levels against HPV genotypes 6,11,16 and 18. Patients had to complete the three-dose vaccine series and have at least one blood sample drawn after vaccination to be included in the analysis. Their methods of measuring HPV antibodies were IgG cLIA and cLIA.
Percentages of seropositivity were calculated after measurement by IgG cLIA, yielding the following results in the second blood samples (n = 22): HPV 6: 63.6%, HPV 11: 63.7%, HPV 16: 100% and HPV 18: 72.7%. Seropositivity in the third blood samples (n = 8) were HPV 6: 62.5%, HPV 11: 50%, HPV 16: 75% and HPV 18: 50%.
Geometric mean titre (GMT) values in milliMerck units per millilitre (mMu/mL) by cLIA were obtained for the KTRs and sorted according to age. The second blood samples were obtained from eight patients aged 9 to 15 years and the other age group of 16 to 21 years yielded 13 patient results ( Table 2 ). The third blood samples were obtained from five patients in the youngest age group; HPV 6: 79 mMu/mL, HPV 11: 107 mMu/mL, HPV 16: 156 mMu/mL and HPV 18: 38 mMu/mL. In the older age group, three patient results were obtained: HPV 6: 56 mMu/mL, HPV 11: 46 mMu/mL, HPV 16: 133 mMu/mL and HPV 18: 25 mMu/mL.
The Mann-Whitney test was used to compare the KTRs' GMTs to the healthy population's GMTs. The healthy population data were extracted from the Gardasil (quadrivalent HPV vaccine) licensing study [26] . The differences in GMTs in the second blood samples were p = 0.02, while in the third blood samples they were p = 0.06 (9-15 years) and p = 0.15 (16-26 years).
Nelson et al. [17] concluded that there was a less robust reaction to the HPV vaccine in KTRs than in patients with chronic kidney disease and on dialysis based on the seropositivity percentages and GMTs. The study also suggested that female KTRs may benefit from an alternative HPV vaccine regimen to optimise their protection and requested the need for larger trials and efficacy studies.
Kumar et al. [16] analysed the immunogenicity of the quadrivalent HPV vaccine in SOTRs: kidney, liver, lung, heart and heart-lung/ multivisceral transplants. The studycontained 47 SOTRs (Table 1) ; 38 of these received all three vaccine doses and completed the blood draws before vaccination and the blood draws seven months after the first vaccine dose (i.e. the per-protocol population). Blood was drawn before vaccine dose 1 (baseline), prior to each vaccination, at seven months (four weeks after completed vaccine series) and one year post-vaccination. The immunogenicity was measured using HPV4-plex IgG ELISA and cLIA.
For the analysis using IgG ELISA, the vaccine response was evaluable for 38 patients. Seropositivity at seven months was as followed: HPV 6: 63.2%, HPV 11: 68.4%, HPV 16: 63.2% and HPV 18: 52.6%. A response to all four HPV genotypes was seen in 47.4% (18 of 38 patients). GMT values in milliMerck units per litre (mMu/L) using cLIA were available for 32 patients at month 7 ( Kumar et al. [16] found suboptimal immunogenicity in SOTRs. Seropositivity was distinctively lower compared with two large randomised clinical trials of healthy individuals, where seropositivity ranged from 97% to 99% [28, 29] . Some individuals (n = 27) had both assays (IgG ELISA and cLIA) performed at seven months. They found the results to be significantly correlated, although IgG ELISA had higher seropositivity than cLIA. Already six months after completed vaccination, the antibody titres had declined for all HPV genotypes. However, the seropositive proportion did not change, which is comparable to results found in immunocompetent persons [30] .
Gomez-Lobo et al. [15] studied adolescent liver transplant recipients and KTRs. A total of 17 patients fulfilled the criteria to start HPV vaccination (Table 2 ). Blood samples were analysed at day 1 (baseline), as well as after seven months (one month after completed vaccine series). Immunogenicity was evaluated using cLIA. An emergency interim analysis was done due to concerns regarding acute rejection (AR) in KTRs. The study was terminated early, and only nine patients completed the three-dose vaccine series.
All eight transplant recipients (seven kidney and one liver) that completed both vaccine series and the seventh month blood draws were seronegative at baseline. GMTs at seven months for the KTRs are shown in Table 2 .
Gomez-Lobo et al. [15] found an unexpectedly high antibody response of 100% to all four HPV genotypes in their eight patients, which is similar to GMTs measured in healthy individuals (Table 2 ) [26] . The study concluded that the reaction to the HPV vaccine was robust and that it elicited better immunogenicity than other similar vaccines given to SOTRs.
Several studies referred to guidelines and recommendations for HPV vaccination in SOTRs.
We identified four national guidelines in the following countries: the United States of America [20, 21] , Canada [22] , Australia [23] and Ireland [24] , along with a recommendation from the WHO [25] . These are presented in Table 3 .
Discussion

This review investigated whether there is any evidence for efficacy of HPV vaccination in SOTRs.
It is important to acknowledge that immunogenicity is only a theoretical measure of HPV vaccine efficacy. Interestingly, research has not been successful in determining the lower antibody thresholds associated with protection against HPV-associated lesions. This means that low GMTs do not necessarily result in limited protection against the development of these lesions. In fact, the efficacy of the vaccine can only be truly answered by using clinical outcomes (such as HPV-associated lesions) through long-term follow-up studies.
Based on the results of the three cohort studies [15] [16] [17] , immunogenicity of the quadrivalent HPV vaccine seems to have had suboptimal effect in two of the studies [16, 16, 17] , while an early-terminated study [15] found 100% seropositivity. However, the small sample sizes and the diverging results of the studies make it difficult to draw meaningful conclusions. (Table 2) .
The HPV vaccine is found to be safe in healthy individuals and is associated with few adverse events [37] . Vaccination of SOTRs and other immunocompromised patients is challenging in terms of both efficacy and safety. Even though there are not many studies evaluating the safety specifically for the HPV vaccination in SOTRs, Table 2 Geometric mean titres (GMTs) for competitive Luminex Immunoassay (cLIA) in milliMerck units per millilitre (mMu/mL) obtained at seven months (four weeks/one month after the third vaccine dose).
Age range in years:
Number All immunocompromised, including transplant recipients (regardless of whether they are receiving antiretroviral therapy).
Female from 9 to 14 years of age. If resources are available, the age range could be expanded up to 18 years and could also include males. CDC, USA (20) :
All immunocompromised both females and males, from 9 to 26 years of age.
Females from 9 to 26 years of age. Males from 9 -21 years of age. IDSA, USA (21, 33):
All SOTR from 11 to 26 years of age (21) . Females from 9 to 26 years of age (33) . PHAC, Canada (22, 34) :
Before or after transplantation in females and males from 9 to 26 years of age (22) .
Both females and males from 9 to 26 years of age (34) .
AGDH, Australia (23, 35):
Before or after transplantation in both females and males from 9 years of age and above(23).
Both females and males from 9 to 18 years of age (35) .
HSE, Ireland (24, 36):
Before or after transplantation in patients from 10 years of age and above (24) .
Females and males may be given the vaccine from 9 to 26 years of age (36) .
SST; Sundhedsstyrelsen (The Danish health it is assumed to be safe since it is an inactivated (not live) vaccine [38] . This assumption was confirmed in two of the studies [16, 17] , which found no severe safety concerns regarding the HPV vaccination. Despite this, the third study [15] terminated early due to an unexpectedly high AR rate. Of 14 KTRs, six developed AR after receiving the HPV vaccine. Gomez-Lobo et al. [15] could not conclude whether the AR occurred regardless of the HPV vaccination or whether the HPV vaccine contributed to development of donorspecific antibodies and subsequently AR. Nevertheless, the two other studies and studies of similar vaccines could not find an association between vaccination and increased AR rate [16, 17, 39, 40] .
There are several factors that may influence the HPV vaccine response in SOTRs. Among these are time of vaccination, different immunosuppressants, type of organ transplant and HPV naivety. Kumar et al. [16] found that early vaccination after transplant' high tacrolimus levels and having a lung transplant were all associated with reduced immunogenicity. Also, two studies [16, 17] included patients who were not HPV naive prior to the vaccination. This may have influenced the results, as described in Kumar et al.'s [16] study, where these patients had a higher antibody response at seven months compared to HPV-naive patients.
Increased age is also associated with a weakened immune system, which could lead to a lowered antibody response. A randomised clinical trial by Dobson et al. [41] evaluated immunogenicity of the quadrivalent vaccine in two different age groups of healthy females. Two doses were given to girls aged 9-13 years, and three doses were given to women aged 16-26 years. Comparing the immunogenicity of both groups one month after the last vaccine dose, girls achieved 1.77-2.24-fold higher GMTs than women. This suggests that age itself contributes to a weakening of the immune system. In a case report by Freiberger et al. [42] , a 19-year-old female developed multiple HPV-associated lesions after bilateral lung transplantation. The young female received a two-dose vaccine series of the quadrivalent vaccine, but still developed lesions of the oesophagus, cervix and skin. Even if she had been fully vaccinated, the quadrivalent vaccine would probably not have protected her from these lesions, since her lesions were associated with HPV genotype 82. This illustrates that HPV genotypes other than those included in the vaccine may contribute to the development of HPVassociated lesions. At the same time, a weakened immune system does not necessarily react optimally to the vaccine. This highlights that vaccinations should be combined with screening (Pap smear) and that one does not exclude the importance of the other. In fact, a more intensive cervical screening programme in SOTRs is suggested by some publications [43, 44] , not only the first years post-transplantation, but for several years after.
In a global context, SOTRs are a quite small population, which may lead to ignoring the importance of their receiving the HPV vaccine. Absence of financial support from the vaccine industry may also be challenging due to lack of profit. SOTRs along with other patients suffering from, e.g., leukaemia, lymphoma, AIDS, psoriasis and inflammatory bowel disease are just some of many patients accounting for the large group known as immunocompromised patients. Immunocompromised patients are continuously increasing in number. In recent years, improved immunosuppressive treatments, screening methods, diagnostics and other medical achievements have enhanced the survival and life quality in these patients [3, 4] . Despite this, new challenges arise. Increased survival makes immunosuppressed individuals more susceptible to HPV infection, and a prolonged life expectancy makes them more prone to develop HPV-associated lesions and malignancies.
Despite the increased risk of HPV-associated diseases in SOTRs, there are, to own knowledge, only a few countries that have recommendations regarding HPV vaccination of this population (Table 3) . Nonetheless, these guidelines and recommendations [20] [21] [22] [23] [24] [25] are not tailored to this population, but are based on knowledge concerning the safety of receiving inactivated (not live) vaccines [38] . In fact, these guidelines and recommendations [20] [21] [22] [23] [24] [25] are quite similar to those that apply to healthy individuals [20, 25, [33] [34] [35] [36] , as seen in Table 3 .
Today, there are many countries with public health vaccination programmes that include the HPV vaccine. For instance, all 12-year-old girls in Denmark are offered the HPV vaccination [32] . Given that the national childhood vaccination programmes had high endorsement in both girls and boys, many of the future SOTRs would already have been protected against HPV-associated lesions before they even became immunosuppressed.Unfortunately, this is not the situation in Denmark, where the HPV vaccination rates are rather low and the vaccine is only given to adolescent girls [45] . This illustrates the need for developing guidelines for HPV vaccination of SOTRs.
Limitations to the included studies
First, they are all small studies [15] [16] [17] , the largest being Kumar et al. [16] with only 38 patients for analysis. Second, in two of the studies [15, 16] , the inclusion of the patients was not sufficiently described. This makes it difficult to rule out systematic selection bias. Third, in the three studies [15] [16] [17] , some participants were excluded without proper description of the reasons. Therefore, we found it problematic to follow the process of exclusion. Fourth, none of the cohorts [15] [16] [17] had a control group; rather, they compared their results to large studies of healthy individuals. This may be due to their small sample sizes and that it seems unethical to withhold the HPV vaccine. Fifth, Kumar et al. [16] used two different measuring methods. However, both methods were not applied to all the participants, making it a possible source of bias. Sixth, Kumar et al. [16] listed their results for cLIA in mMu/L instead of the usual unit (mMu/mL). Due to the study's conclusion of suboptimal immunogenicity, it seems likely to be a typographical error. Seventh, completion of blood draws was a challenge for all the included cohorts [15] [16] [17] . Influencing factors were variable time of blood sampling, lacking baseline results and incompletion of the second and the third blood draws. Eighth, the early termination of GomezLobo et al.' study [15] makes their results rather inadequate.
Limitations to our systematic review
First, few studies with small sample sizes and diverging results made them inconclusive [15] [16] [17] . Second, the three cohorts [15] [16] [17] varied with regard to the age of the population; this may be a possible limitation when comparing the results. Third, KTRs were overrepresented compared to other transplant types in the studies [15] [16] [17] . Therefore, these results may not be representative for all SOTRs. Fourth, the three studies [15] [16] [17] used cLIA as a common measure method, but it was only the main method in Gomez-Lobo et al. 15 . In the two other studies [16, 16, 17] , limited cLIA results were obtained, which made the comparability of the three studies challenging [15] [16] [17] . Fifth, we cannot exclude the risk of selection or publication bias, although an effort has been made to include all relevant articles.
Conclusions
To optimally evaluate the efficacy of the HPV vaccine in SOTRs, trials investigating development of HPV-associated lesions would be necessary. Since HPV-associated cancers develop over time, a study would be quite comprehensive. It also seems unethical to withhold the HPV vaccine, given that it is highly efficient in healthy individuals [8] [9] [10] [11] and that it is seemingly safe in SOTRs [38] . Based on these findings, there is convincing argumentation to recommend vaccination of SOTRs.
Theoretically, the nonavalent vaccine should be recommended as the first choice in SOTRs due to its broad coverage of HPV genotypes. The HPV vaccine should be administered without any age or sex restrictions, as long as no evidence for an age recommendation exists. We consider it preferable to vaccinate at a time when the immune system is still robust, e.g. pre-transplantation in SOTRs. There are still some unanswered questions. For instance, whether an alternative and more intensive vaccine regimen would be more efficient, and whether the HPV vaccination should be a part of the common treatment strategies for transplant recipients and candidates. Further studies are needed for addressing these questions.
